We report the direct observation of 30-fs period Rabi oscillations between excitons and cavity photons in a strongly coupled J-aggregate microcavity by means of time-resolved up-conversion and spectral interferometry measurements. The time structure of the transmitted electric field, measured by linear spectral interferometry, shows pronounced ultrafast beats. Its spectral phase reveals a distinct signature caused by destructive interference between the coherent drive and the field radiated by the exciton. This antiresonance selectively probes the uncoupled exciton excitation, and its observation uncovers the coherent and ultrafast exchange of energy between the optically excited cavity and the J-aggregate excitons, as confirmed by transfer matrix calculations. [7, 8] have already been demonstrated. The microscopic origin of these phenomena lies in the coherent interaction between excitons and cavity photons, via coupling of the excitonic transition dipole moment to fluctuating (vacuum) electromagnetic fields stored within the cavity. This strong coupling results in the formation of new hybrid lower (LP) and upper (UP) excitonphoton polariton modes, separated in energy by normal mode splitting [9, 10] . Polaritons are coherent superpositions of the bare exciton and cavity photon modes; when one of the pure components is driven, a periodic energy exchange between the excitonic and photonic components occurs in the form of Rabi oscillations. From a dynamical perspective, strong coupling is directly connected with a periodic flow of energy between excitons and cavity photons: The normal mode splitting reflects ultrafast Rabi oscillations between the excitonic and the photonic components of the system. Upon impulsive excitation, this coupling leads to characteristic interference beats in the light transmitted through the cavity. As such, one of the most direct ways to probe coupling dynamics is to study, in the time domain, the electric field emitted by the cavity.
Cavity polaritons exhibit a wealth of fascinating phenomena, due to strong, coherent coupling between their photonic and excitonic components, such as the formation of Bose-Einstein condensates [1] , polariton lasing [2, 3] , and polariton superfluidity [4] . Applications such as the polariton amplifier [5, 6] and a polariton light-emitting diode [7, 8] have already been demonstrated. The microscopic origin of these phenomena lies in the coherent interaction between excitons and cavity photons, via coupling of the excitonic transition dipole moment to fluctuating (vacuum) electromagnetic fields stored within the cavity. This strong coupling results in the formation of new hybrid lower (LP) and upper (UP) excitonphoton polariton modes, separated in energy by normal mode splitting [9, 10] . Polaritons are coherent superpositions of the bare exciton and cavity photon modes; when one of the pure components is driven, a periodic energy exchange between the excitonic and photonic components occurs in the form of Rabi oscillations. From a dynamical perspective, strong coupling is directly connected with a periodic flow of energy between excitons and cavity photons: The normal mode splitting reflects ultrafast Rabi oscillations between the excitonic and the photonic components of the system. Upon impulsive excitation, this coupling leads to characteristic interference beats in the light transmitted through the cavity. As such, one of the most direct ways to probe coupling dynamics is to study, in the time domain, the electric field emitted by the cavity.
The optical properties of inorganic microcavities have been intensively studied, with experimental evidence of Rabi oscillations [11, 12] , nonlinearities in polariton splitting [13] , polariton scattering, and relaxation effects [14, 15] . In these systems, however, due to small normal mode splitting energies, most applications are confined to low temperatures. The large oscillator strength of organic semiconductors, on the other hand, allows the observation of a strong-coupling regime at room temperature and with easy fabrication techniques, thus * Email address: tvirgili@polimi.it opening up a wide range of applications for cavity polaritons [16] [17] [18] [19] . Strongly coupled (5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulphobutyl)benzimidazol-2 ylidene]propenyl]-1-ethyl-3-(4-sulphobutyl) benzimidazolium hydroxide, inner salt, sodium salt) (TDBC) cyanine dye J aggregates in a microcavity have therefore been studied intensely for their linear optical properties [20] , temperature-dependent emission properties [21, 22] , and interactions with molecular vibrations [23, 24] . The role of the uncoupled exciton reservoir in the relaxation dynamics of the cavity polariton states has also been theoretically [25] [26] [27] and experimentally investigated [28, 29] . However, direct time-domain studies of the strong-coupling dynamics are challenging since the normal mode splitting in these systems often exceeds several tens or even hundreds of meV, resulting in periods of Rabi oscillations shorter than 50 fs. Hence, advanced ultrafast optical techniques, providing time resolution in the 10-fs range or even below, are required for such studies. Indeed, only very recently have Rabi oscillations in TDBC J aggregates coupled to surface plasmon modes been observed in real time [30, 31] .
In this Rapid Communication, we study the roomtemperature real-time dynamics of light transmission through a strongly coupled organic microcavity, comprising a Jaggregated cyanine dye coupled to a dielectric microcavity. Time-dependent up-conversion measurements display pronounced temporal modulations indicative of Rabi oscillations. Spectral interferometry (SI) measurements show distinct phase signatures characteristic of the strongly coupled modes and display an antiresonance between the UP and LP resonances. Taken together, these measurements give direct evidence for strong coupling in organic microcavities and shed light on the coherent, ultrafast energy exchange between exciton and cavity photons in the strong-coupling regime.
We dispersed the cyanine dye TDBC [see the chemical structure in the inset of Fig. 1(a) ] in a gelatin matrix forming J aggregates (see the Supplemental Material for more details on the cavity preparation [32] ). Figure 1(a) shows absorption and photoluminescence spectra of TDBC, which peak at 585 and 590 nm, respectively. Intermolecular coupling delocalizes the excitation over many sites of the molecular aggregate, averaging over local inhomogeneities and leading to a spectral redshift and motional line narrowing [33] . The small Stokes shift, together with the large oscillator strength and the narrow linewidth of the J aggregate, make this material an excellent candidate for exhibiting strong coupling between the exciton and a cavity mode.
The active TDBC layer of around 220 nm thickness was inserted between two distributed Bragg reflectors (DBRs), as shown in Fig. 1(b) , forming a microcavity with its mode centered at 625 nm for normal incidence. The inset of Fig. 2(a) shows the experimental two-dimensional (2D) map of the normalized transmission through the microcavity upon angle tuning, with the intensity in the logarithmic scale. The expected cavity mode peak position, traced by a black solid line, shows, at an angle of 35°, a resonance with the exciton absorption (white solid line), forming the LP (blue line) and UP (red line) modes separated by a normal mode splitting energy of 140 meV. Due to the asymmetric line shape of the J-aggregate absorption peak, its tail partially overlaps with the UP mode, lowering the transmission of this peak. The angledependent cavity transmission was modeled with a transfer matrix (TM) approach, using the complex refractive index of the J aggregate extracted from the absorption spectrum [34] . The simulation results (see Fig S1 in the Supplemental Material [32] ) are in excellent agreement with experiments, although the spatial inhomogeneities of the DBR layer thicknesses make it difficult to exactly reproduce the sideband positions.
To directly probe the exciton-photon coupling in the microcavity in the time domain, we have temporally resolved the cavity transmission by ultrafast frequency up-conversion (see the Supplemental Material for details on the experimental setup [32] ). In this experiment, the cavity is positively detuned by 5°with respect to the resonance condition (40°angle of incidence) in order to increase the transmission at the UP. An ultrashort broadband visible pulse, of 6 fs duration, is incident on the microcavity. The spectrum of the transmitted light is displayed in Fig. 2 (a) and shows the UP and LP peaks at 565 and 601 nm, respectively, together with the cavity sidebands at 640 and 525 nm.
The temporal structure of the transmitted light is resolved by nonlinear gating with a time-delayed, bandwidth-limited 13-fs near-infrared pulse at 910 nm and recording the resulting sum-frequency spectra as a function of delay. The optical interaction with the microcavity is kept in the linear regime and nonlinear optics is only used to gate the temporal profile of the transmitted light. In the limit of infinitely short pump and gate pulses, the experiment therefore provides a measurement of the instantaneous intensity of the light transmitted through the microcavity, at the time defined by the delay between gate and pump pulse. The inset of Fig. 2(b) plots the experimental 2D up-conversion map, as a function of the detection wavelength and time delay; the maximum up-converted signal intensity is observed at 360 nm (3.46 eV). This detection energy is close to the sum of the average gate photon energy (1.36 eV) and the LP (UP) resonance energies at 2.06 eV (2.19 eV) and hence probes up-converted transmission from both the LP and UP modes. The up-conversion dynamics at a wavelength of 360 nm, reported in the main panel of Fig. 2(b) as a solid line, displays a pronounced oscillatory modulation, with a period of 30 ± 2 fs (140 meV). This frequency closely matches the LP/UP normal mode splitting of 140 meV seen in Fig. 2(a) , and thus it seems natural to assign this oscillation to the interference between the transmitted UP and LP fields. The oscillatory signal displays a maximum around time zero, corresponding to a cosine-type modulation. It is superimposed on a background decaying with a time constant of ∼60 fs that agrees very well with the spectral linewidth of the narrower LP mode. This background mainly stems from the up-conversion of the strong LP transmission. Similar oscillations, albeit with much longer periods, have been seen in earlier up-conversion measurements, and very recently also in pump-probe experiments on inorganic microcavities [35, 36] . The results in Fig. 2 photons or if they simply reflect the interference between two uncoupled modes.
To account for the origin of the observed oscillations, we have measured the complex transmission spectrum t(ω) = |t(ω)|e iϕ(ω) of the microcavity by means of angle-resolved SI [37, 38] , which allows one to extract both the amplitude and the phase of the linear transmission spectrum. In SI, light from a broadband coherent source, in our case a white light supercontinuum, is split by a Mach-Zehnder interferometer into a sample and a reference beam. The sample beam is transmitted through the microcavity, whereas the reference beam traverses a quartz substrate. Both beams, after a suitable delay, are collinearly overlapped and sent to a spectrometer. Their interference spectrum exhibits (nearly) equidistant fringes in the frequency domain, with a spacing which is inversely proportional to their delay. The measurement of the shift of the fringe peaks between the data taken with the cavity and those taken with just the substrate on the sample beam gives the phase shift introduced by transmission through the microcavity. Due to the large linear phase introduced by the substrate, it is not possible to extract the absolute phase, but only a relative phase shift. Figure 3(a) shows the microcavity intensity transmission T (ω) = |t(ω)| 2 at 40°incidence. The UP and LP modes are at 563 and 600 nm, respectively, whereas the sidebands of the cavity are positioned at 525 and 640 nm. Figure 3(b) shows the spectral phase ϕ(ω) extracted from the SI measurement. We observe clear phase jumps of π at each of the four resonances (UP, LP, and the two sidebands). The UP and LP resonances are in phase with each other, as already anticipated by the up-conversion results. In addition, we find a distinct phase jump by −π at a wavelength of 585 nm, in between the LP and UP, in correspondence to the peak of the bare TDBC exciton. This negative phase jump is the signature of an antiresonance. Such antiresonances are well known in coupled mechanical oscillator systems but have been observed only very recently in a strongly coupled single-atom cavity system [39] .
To understand the observed phase behavior, we compare our experimental data to a simple quantum model for the cavity transmission in the strong-coupling limit. This model considers a cavity mode coupled to an excitonic mode and assumes that the driving field is coupled only to the cavity mode. The cavity transmission can then be written as (see the Supplemental Material for the derivation of this expression [32] )
. 2C are their dephasing rates. The Rabi coupling frequency, corresponding to half the normal mode splitting, is denoted as R and the complex UP and LP eigenfrequencies are given asω UP andω LP , respectively. This expression evidently shows two resonances, at the LP and UP frequencies, respectively, occurring when the denominator is minimized, and whose positions depend on the Rabi coupling R . In addition, it shows an antiresonance, corresponding to a minimum of the numerator, occurring in between LP and UP at the bare exciton frequency ω X , independently of the coupling. As seen in Fig. 3(b) (dotted red line) , this coupled mode model convincingly reproduces the experimentally measured spectral phase when taking into account the values for energies of the UP and LP resonances and their dephasing rates deduced from Fig. 3(a) . Based on this agreement, we can now give an intuitive interpretation for the observed antiresonance. When coupling laser light into the microcavity at the frequency of the uncoupled exciton resonance, the field that is reemitted by the excitons is phase shifted by 180°with respect to the driving field (with a 90°phase shift coming from the exciton resonance and another 90°shift between the radiated field and the polarization). Destructive interference between both fields essentially cancels the cavity field and minimizes light transmission at this frequency.
This simple model suggests that the antiresonance, with the corresponding phase jump by −π for increasing frequency, always occurs at the frequency of the uncoupled exciton. The sign of the phase jump is opposite to that at the polariton resonances. To test this assertion, we repeated the SI analysis for several angles of incidence. The experimentally measured spectral phases are shown in Fig. 4(a) . While the LP and UP frequencies indeed shift as a function of incidence angle [as shown in the inset of Fig. 2(a) ], the antiresonance phase shift always occurs in correspondence with the exciton resonance, independently of the Rabi coupling. Antiresonance wavelengths measured for a series of incidence angles are shown in the inset of Fig 4(a) .
A more quantitative simulation of the microcavity complex transmission can only be obtained with TM calculations. Figure 3(c) shows the calculated transmission spectrum and Fig. 3(d) the corresponding spectral phase at 40°incidence angle. The calculations display good agreement with the experimental data, accurately reproducing the phase shifts at the polariton resonances, the antiresonance, and also the sidebands. Figure 4(b) shows the calculated relative phase shift for different incident angles, and again it is clear that the antiresonance phase shift always occurs at the exciton resonance.
We can now use the SI results to interpret the upconversion experiments reported in Fig. 2(b) . As seen from the transmission spectra in Fig. 2(a) , the total electric field which is up-converted by mixing with the gate pulse is given a coherent superposition of the UP and LP emission as well as the sideband emission at 640 nm. Due to the broad spectrum of the near-infrared gate pulse, the contribution of each of the three resonances to the up-conversion signal depends sensitively on the chosen detection wavelength. UP and LP emission are in phase and hence will constructively interfere at time zero upon impulsive excitation, giving rise to pronounced maxima in the up-conversion signal at delay times of 0 fs and at integer multiples of their beat period (cosinelike oscillations). On the other hand, the sideband is phase shifted by π with respect to both the UP and the LP resonances, so that any superposition of the LP (UP) with the sideband would give rise to destructive interference at time zero (sinelike oscillations). Based on this analysis, we can conclude that the up-conversion signal at 360 nm is indeed dominated by UP/LP beats, whereas the contribution of the sideband emission at this wavelength is very weak. A detailed simulation of the up-converted transmission decay, shown in Fig. 2(b) as a dashed line (see the Supplemental Material for details on the simulation [32] ), clearly supports this assignment.
In conclusion, we have studied the dynamical response of an organic microcavity working in the strong-coupling regime by the combination of ultrafast up-conversion and spectral interferometry techniques. The coherent transmission arising from the cavity polariton modes was time resolved, revealing 30-fs temporal oscillations. The phase of the transmitted electric field, extracted by spectral interferometry, reveals not only the anticipated polariton resonances, but also a pronounced antiresonance negative phase shift in the frequency domain, caused by destructive interference between the coherent drive and the field radiated by the J-aggregate exciton. This observation provides direct experimental insight into the dynamics of strong coupling in microcavities on femtosecond time scales: The incident light is coupled to a photonlike cavity mode which periodically exchanges energy with the excitonic mode until it is coupled out of the cavity resonator. More generally, our results show that precise insight into the ultrafast dynamics of energy exchange and strongcoupling phenomena can be obtained from an amplitude and phase-resolved study of linear optical spectra, without the need for advanced time-resolved nonlinear optical spectroscopy techniques. Such ultrafast, coherent coupling phenomena are ubiquitous in meso-and nanoscale systems, and we therefore believe that our findings will prove very valuable for future spectroscopic investigations of such processes, in particular, when combined with advanced, broadband scattering-type or adiabatic nanofocusing near-field spectroscopy techniques providing a spatial resolution in the 10-nm range. 
